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[57] ABSTRACT

A monolithic capacitor having a dielectric ceramic
body cosintered with at least two base metal electrodes.
The ceramic body is composed of a major ingredient
expressed by the formula,

(1-—a)
{(Bag-x-MxL)Ox(Ti1;R y)Oz-(yxz)} +aCaZrO;3

where M is either or both of magnesium and zinc, L is
either or both of calcium and magnesium, R is a rare
earth element or elements, and a, k, X, z and y are nu-
merals in specified ranges. To this major ingredient 1s
added a minor proportion of a first additive ingredient
and a second additive ingredient. The first additive
mgredlent is at least either of chromium oxide and alu-
minum oxide. The second additive ingredient is a mix-
ture of boric oxide or lithium oxide, silicon dioxide and
at least one metal oxide selected from among barium
oxide, strontium oxide, calcium oxide, magnesium oxide
and zinc oxide. For the fabrication of capacitors the
mixture of the above major ingredient and additives in
finely divided form are formed into moldings of desired
shape and size, each with at least two electrodes buried
therein. The moldings and electrodes are cosintered in a
reductive or neutral atmosphere at temperatures for less

than 1200 degrees C. and then are heated at a lower
temperature in an oxidative atmosphere.

6 Claims, 2 Drawing Sheets
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1
SOLID DIELECTRIC CAPACITOR

BACKGROUND OF THE INVENTION

|
|

. . / '
Our invention relates to solid dielectric capacitors

and more particularly to a monolithic ceramic capacitor

comprising a single or multiple layered ceramic body
and at least two electrodes in contact therewith.
Multilayered ceramic capacitors have long been
known and used extensively which employ noble metals
‘such as platinum and palladium as the electrode materi-
als. Generally, for the fabrication of such capacitors,
“green” (unsintered) dielectric sheets have first been
prepared from the proportioned ingredients of a desired
dielectric ceramic material in finely divided form. An
electroconductive paste containing powdered platinum
or palladium has then been “printed” on the green
sheets in a desired pattern. Then a plurality of such
printed green sheets have been stacked up, pressed to-
gether, and sintered in a temperature range of 1300
degrees to 1600 degrees C. in an oxidative atmosphere.
This conventional method makes possible the simul-
taneous firing (cosintering) of the dielectric ceramic

layers and the film electrodes interleaved therewith. It

is also an acknowledged advantage of this known
method that the noble metal electrodes are totally unaf-
fected by the high temperature sintering in an oxidative
atmosphere. Offsetting all such advantages is the expen-
siveness of the noble metals, which-add substantially to
the manufacturing costs of the multilayered ceramic
capacitors.

Wada et al. U.S. Pat. No. 4,610,969, assigned to the
assignee of the instant application, suggests a solution to
the above problem. It teaches dielectric ceramic com-
positions consisting of a major ingredient expressed by
the formula, (Bax—xMx)OxTiO2, where M 1s at least
either of magnesium (Mg) and zinc (Zn), and additives
consisting of lithium oxide (Li;O) and silicon dioxide
(SiO3). The compositions may, or may not, additionally
include at least one metal oxide selected from among
barium oxide (BaO), calcium oxide (Ca0) and strontium
oxide (SrQO). |

Another solution is found in Wada et al. U.S. Pat. No.
4,610,970, which proposes ceramic compositions whose
major ingredient is expressed by the formula, (Bag—x-
—yMxL;)O;TiO2, where M is at least either of Mg and
Zn, and L is at least either of Sr and Ca. To this major
ingredient are added Li20, $10: and, optionally, at least
one other metal oxide selected from among BaO, CaO
and SrO.

Wada et al. U.S. Pat. No. 4,610,971 suggests still
another solution, teaching use of a major ingredient
expressed by the formula, (Bax—xMx)OxT102, where M
is at least one of Mg, Zn, Sr and Ca. This major ingredi-
ent is admixed with boric oxide (B203), SiO2 and, op-
tionally, at least one other metal oxide selected from
among BaO, MgO, ZnO, SrO and CaO0.

A further solution is found in. Wada et al. U.S. Pat.
No. 4,610,968, which proposes ceramic compositions
including a major ingredient expressed by the formula,
(Bax—xMx)OxTiO2, where M is at least one of Mg, Zn,
Sr and Ca. This major ingredient is admixed with B203
and at least one metal oxide selected from among BaQ,
MgO, ZnO, SrO and CaO. |

All the foregoing known compositions make possible
the fabrication of ceramic bodies by firing at tempera-
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may therefore be cosintered with electrodes of a base
metal such as nickel. The resulting capacitors have
specific dielectric constants of not less than 2000, and
the temperature dependences of their capacitances are

1 ii
of —25 degrees to + 85 degrees C.

While these values are satisfactory for all practical
purposes, we have nevertheless been hard pressed by
our customers, with the recent development of micro-
electronics, for ceramic capacitors that have higher
specific dielectric constants with no less temperature
dependences.

SUMMARY OF THE INVENTION

We have hereby invented ceramic capacitors that
have higher dielectric constants, with less temperature
dependences over a wide temperature range, than here-
tofore and which can be formed by firing 1n a tempera-
ture range of not more than 1200 degrees C. in a nonox-
idative atmosphere.

Briefly stated in one aspect thereof, our invention
provides a solid dielectric capacitor of the above im-
proved characteristics, comprising a low temperature
sintered dielectric ceramic body and at least two elec-
trodes in contact therewith. The ceramic body consists
essentially of 100 parts by weight of a major ingredient
that is expressed by the formula, (1 —a) {(Bai—x—Mx-
L)Ox(Ti;—yR},)02—-¢/2)} +aCaZrO3, greater than O
and not greater than 3.00 parts by weight of at least one
metal oxide (hereinafter referred to as the first additive
ingredient) selected from the group of chromium oxide
(Cr203) and aluminum oxide (Al203) and 0.2 to 5.0
parts by weight of an additive mixture (hereinafter re-
ferred to as the second additive ingredient) of at least
two members selected from the group consisting of
B,03 or Li;0, SiO; and at least one of BaO, SrO, Ca0O,
MgO and ZnO. In the formula of the major ingredient,
M is either or both of magnesium and zinc, L is either or
both of calcium and strontium, R is at least one metal
selected from scandium (Sc), yttrium(Y), gadolini-
um(Gd), dysprosium(Dy), holmium(Ho), erbium(Er),

i *

|

~ ytterbium(Yb), terbium(Tb), thulium(Tm) and lutet:-
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tures of not more than 1200 degrees C. in a nonoxidative

(reductive or neutral) atmosphere. The ceramic bodies

um(Lu), a is a numeral in the range of 0.005 to 0.040, k
is 2 numeral not less than 1.00 and not more than 1.03,
x is a numeral greater then O and less than 0.10, z 1s a
numeral greater than 0 and not greater than 0.05, the
sum of x and z is a numeral not less than 0.01 and not
greater than 0.10, and y is 2 numeral greater than 0 and
not greater than 0.04. The relative proportions of B203
or Li)O, SiO; and at least one selected metal oxide,
altogether constituting the additive mixture, will be
specified with reference to the ternary diagrams at-
tached hereto. _ |

A method of fabricating the ceramic capacitor having
the ceramic body of the above specified composition,
dictates, first of all, the preparation of a mixture of the
above specified major ingredient and additives in finely
divided form. This mixture is then molded into a body
of desired shape and size, which is provided with at
least two electrode portions of an electroconductive
material in any convenient manner. Then the moldings
with the electrode portions are cosintered in a reductive
or neutral atmosphere and is subsequently heated in an
oxidative atmosphere. |

The dielectric ceramic composition of our invention,
set forth in the foregoing, makes it possible to sinter the
moldings in a nonoxidative atmosphere at temperatures
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not exceeding 1200 degrees C. A preferred temperature
range for this molding operation is from 1050 degrees to
1200 degrees C. The sintering temperatures of less than
1200 degrees C. enable the use of nickel or like low cost
base metal as the electrode material in cosintering the
ceramic boy and the electrodes.

Therefore, in the fabrication of ceramic capacitors, an
electroconductive paste of powdered nickel or like base
metal may be printed, coated, or otherwise formed on

green sheets of the dielectric ceramic compositions. The 10

green sheets and the electroconductive layers thereon
may be cosintered at temperatures of not more than
1200 degrees C.

The ceramic capacitors of our invention have proved
to have very favorable physical and performance char-
acteristics. The test capacitors manufactured in accor-
dance with our invention, to be disclosed subsequently,
had specific dielectric constants of more than 3000,
dielectric losses of not more than 2.5%, and resistivities
of not less than 1X 10 megaochm-centimeters. Also the
temperature dependences of their specific dielectric
constants were from —15% to + 15% of the value at 25
degrees C. in a temperature range of —>55 degrees to

+ 125 degrees C., and from —10% to +10% of the

value at 20 degrees C. in a temperature range of —25
degrees to + 85 degrees C.

The above and other features and advantages of our
invention and the manner of realizing them will become
more apparent, and the invention itself will best be
understood, from a study of the following description
and appended claims taken together with the attached

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a section through a monolithic, multilayered
ceramic capacitor capable of fabrication in accordance
with the teaching of our invention, the illustrated capac-
itor being representative of numerous test capacitors
manufactured in the Examples of our invention to be
presented subsequently;

FIG. 2 is a ternary diagram depicting the relative
proportions of the second additives of the ceramic com-
positions in accordance with Examples 1-104 of our
invention; and -

FIG. 3 is a ternary diagram depicting the relative
proportions of the second additives of the ceramic com-
positions in accordance with Examples 105-129 of our

invention.

DETAILED DESCRIPTION

We have illustrated in FIG. 1 one of many monolithic
ceramic capacitors of like construction fabricated in the
subsequent Examples of our invention by way of a prei-
erable embodiment thereof. Generally designated 10,
the representative capacitor is shown to have an inter-
lamination of three dielectric ceramic layers 12 and two
film electrodes 14. The three ceramic layers 12 consti-
tute in combination a solid dielectric body 15 having the
low temperature sinterable ceramic compositions 1in
accordance with our invention. The two film electrodes
14, which can be of a low cost base metal such as nickel,
extend from both sides of the dielectric body 15 toward,
and terminate short of, the opposite sides of the dielec-
tric body and so have an overlapping, parallel spaced
relation to each other. |

The capacitor 10 also includes a pair of conductive
terminations 16 which are formed on both sides of the
dielectric body 15 and which contact the respective film
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‘electrodes 14. Each termination 16 is shown to com-

prise a baked on zinc layer 18, a plated on copper layer
20, and a plated on solder layer 22. ~
Typically, and as fabricated in the subsequent Exam-
ples of our invention, the intermediate one of the three
dielectric layers 12 has a thickness of 0.02 millimeter
(mm). The area of that part of each film electrode 14
which overlaps the other film electrode is 25 mm?2 (5 X 5

mm). |
EXAMPLES

We fabricated 143 different sets of test capacitors,
each constructed as shown in FIG. 1, some having their
dielectric bodies formulated in accordance with the
ceramic compositions of our invention and others not.
Then we measured the specific dielectric constant, di-
electric loss, resistivity, and temperature dependence of
capacitance of the test capacitors. Tables 1, 2 and 3 list
the compositions of the dielectric bodies of all the test
capacitors fabncated.

We have previously defined the major ingredient of
the ceramic compositions in accordance with our inven-
tion by the general formula,

(1 —ﬂ){(Bﬂk —x— ML O (T *-yRy)'OZ—(yH)-
} 4+ aCaZrO;.

Thus, in Table 1, we have given various combinations
of (1—a), a, (k—x—2), X, z and (x+2z) in the formula to
indicate the specific major ingredients employed in the
various Tests. The (1—a) and a indicate the relative
proportions of {(Bax—x—:MxL)OxTi1—yR})02-_g/2)}
and CaZrQ; of the major ingredient in moles. The
(k—x—2z), x and z indicate the atomicities of the associ-
ated elements. Since M can be either or both of Mg and
Zn, the column under X is subdivided into the atomicit-
ies of these elements and their sum (X). Also, since L
can be either or both of Ca and Sr, the column under z
is likewise subdivided into the atomicities of these ele-
ments and their sum (z). The (x+2z) is the sum of x and
A

In Table 2, we have given various combinations of y
and k in the formula to indicate the specific major ingre-
dients employed in the various Tests. Since R is at least
one metal selected from Sc, Y, Gd, Dy, Ho, Er and Yb,

‘the column under vy is subdivided into the atomicities of

these elements and their sum(y). The k indicates the
atomicity of the element (O).

The ceramic compositions of our invention also In-
clude a first additive ingredient consisting of Cr;O3
and/or Al,Os3. Table 3 specifies the amounts, in parts by
weight, of the first additive ingredient with respect to
100 parts by weight of the major ingredient.

The ceramic compositions of our invention further-
more include a second additive ingredient or glass In-
gredient. The second additive ingredient is' a additive
mixture of B>03, S10> and MO or a additive mixture of
Li;0, SiO; and MO. Table 3 specifies the proportions,
in parts by weight, of the second additive ingredient
with respect to 100 parts by weight of the major ingre-
dient. Also, Table 3 specifies the relative proportions, in
mole percent, of the second additive ingredients B;Os3,
Li»O, Si0,, and MO. Further, since MO can be any one
or more of BaO, Mg0O, Zn0O, SrO and Ca0O, Table 3
gives the relative proportions, in mole percent, of these
metal oxides. In the Table 3, the additives of Tests Nos.
1-104 consist of Li»O, S10; and MO, and the additive of
Tests Nos. 105-129 consist of B203, S10; and MO.
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TABLE 1

w
| Caramic Compositions
Maijor Ingredient (100 wt, parts

Test X Z

No. 1 —a a k—-—x—2z Mg Zn Sum a Sr Sum X + z
e e e e ——————————————————————————

R

I 098 002 0.96 005 O 005 O 001 001 0.6
2 098  0.02 0.96 005 O 005 © 001 0.0 0.06
3 098 002 0.96 005 O 005 © 001 0.0 0.06
4 098 002 0.96 005 O 005 O 001 001 006
5 098 002 0.96 005 O 005 © 001 001 006
6 098 002 0.96 005 O 005 O 001 001 006
7 098  0.02 0.96 005 O 005 O 001 001 006
& 098  0.02 0.96 005 O 005 O 001 00f 006
9 098  0.02 0.96 005 O 005 © 001 001 006
10 098 0.2 0.96 005 © 005 O 001 001 006
11 098 002 0.96 005 © 005 O 001 001 006
12 098  0.02 0.96 005 O 005 © 001 001  0.06
13 098  0.02 0.96 005 O 005 O 001 001  0.06
14 098 002 0.96 005 O 005 O 001 001 006
15 098 0.2 0.96 005 O 005 O 001 001  0.06
16 098  0.02 0.96 005 O 005 O 001 001  0.06
17 098 002 0.96 005 © 005 O 001 001  0.06
18 098 002 0.96 005 O 005 O 001 001 006
19 098 0.2 0.96 005 O 005 O 001 001 006
20 098  0.02 0.96 005 O 005 © 001 001  0.06
21 098 002 0.96 005 O 005 O 001 001 006
22 098 0.2 0.96 005 O 005 O 001 001 006
23 098  0.02 0.96 005 O 005 O 001 001 006
24 098  0.02 0.96 005 © 005 O 001 001  0.06
25 098  0.02 0.96 005 O 005 O 001 001 006
26 098  0.02 0.96 005 O 005 O 001 001  0.06
27 098  0.02 0.96 005 O 005 O 001 001  0.06
28 098  0.02 0.96 005 O 005 O 001 001  0.06
29 098  0.02 0.96 005 O 005 O 001 001 006
30 098  0.02 0.96 001 001 002 004 O 004 0.6
31 098 002 097 - O 001 001 004 O 004 0.5
32 098  0.02 0.97 0 00f 001 004 O 004 0.5
33 098  0.02 0.97 0 001 001 004 O 004  0.05
3 098  0.02 0.97 0 001 001 004 O 0.04  0.05
35 098 002 0.97 0 001 001 004 O 004 0.5
36 096 004 0.96 0 004 004 O 004 004  0.08
37 096  0.04 0.96 0 004 004 O 004 004 008
38 096 004 0.96 0 004 004 O 004 004  0.08
39 096 004 0.96 0 004 004 O 004 004 008
40 096  0.04 0.96 0 004 004 O 004 004 008
41 1 0 0.91 006 O 006 002 002 004 0.1
42 0.995 0.005 0.91 006 O 006 002 002 004 0.1
43 098 0.2 0.91 006 O 006 002 002 004 01
44 096  0.04 0.91 006 O 006 002 002 004 0.1
45 095  0.05 0.91 006 O 006 002 002 004 01
46 1 1 0.97 0 005 005 002 O 002 007
47 0995 0.005 0.97 0 005 005 002 O 002 007
48 096 004 0.97 0 005 005 002 O 002 007
4 095 005 0.97 0 005 005 002 O 002 007
50 098 002 1 0 0 0 0 0 0 0
51 098 0.2 0.99 0005 O 0.005 0005 O 0.005 001
52 098 002 0.99 0 0.005 0.005 0.005 O 0.005 0.0l
s3 098  0.02 0.94 002 © 002 002 002 004 006
s4& 098  0.02 0.94 0 002 002 002 002 004 006
55 098 002 0.8 003 003 006 003 003 006  0.12
56 098  0.02 0.92 004 O 004 O 004 004 008
57 098 002 0.9 005 © 005 © 005 005 0.1
58 098 . 002 0.9 0 0.1 1 0 0 0 0.1
59 098  0.02 0.88 006 O 008 006 O 004  0.12
60 098 002 0.88 006 006 012 O 0 0 0.12
61 097  0.03 0.94 0 0 0 004 002 006  0.06
62 097 003 0.95 0 005 005 005 © 005 0.1
63 097  0.03 0.95 005 O 005 O 005 005 0.l
64 097 003 1 002 00! 003 001 001 002 005
65 097 003 0.95 003 002 005 003 002 005 O
66 057  0.03 0.93 003 003 006 003 003 006  0.12
67 098  0.02 0.94 002 © 002 002 © 002  0.04
68 098 002 0.96 002 O 002 002 O 002  0.04
6 098 002 0.99 002 O 002 002 O 002  0.04
70 058 002 101 002 © 002 002 O 002  0.04
71 098  0.02 1.03 002 © 002 002 O© 002 004
72 098  0.02 0.96 004 O 004 O 002 002 006
73 098  0.02 0.96 004 O 004 O 002 002 006
74 098  0.02 0.96 004 O 004 O 002 002 006
75 098  0.02 096 004 O 004 O 002 002 006
76 097  0.03 0.94 0 005 005 O 005 005 0l
77 097 003 0.94 0 005 005 O 005 005 0.1
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TABLE 1-continued
' Caramic Compositions

Major Ingredient (100 wt, parts)

5,103,369

Test _ X _ _ Z
No. 1 —a a k —x—2z Mg Zn Sum Ca Sr Sum X + z
78 0.97 0.03 0.94 0 0.05 0.05 0 005 0.05 0.1
79 0.97 0.03 0.94 0 0.05 0.05 0 005 0.05 0.1
80 0.97 0.03 0.94 0 0.05 0.05 0 0.05 0.05 0.1
81 0.97 0.03 0.94 0 005  0.05 0 0.05 0.05 0.1
82 0.97 0.03 0.94 0 0.05 0.05 0 0.05 0.05 0.1
g3 0.97 0.03 0.94 0 0.05 0.05 0 0.05 0.05 0.1
84 0.97 0.03 0.94 0 0.05 0.05 0 005 0.05 0.1
85 0.97 0.03 0.94 0 0.05 0.05 0 0.05 0.05 0.1
86 0.97 0.03 0.94 0 0.05 0.05 0 0.05 0.05 0.1
g7 0.97 0.03 0.94 0 0.05 0.05 0 005 0.05 0.1
88 0.98 0.02 0.98 0.2 0.2 0.4 0.1 0.1 0.2 0.06
89 0.98 0.02 0.98 0.2 0.2 0.4 0.1 0.1 0.2 0.06
90 0.98 0.02 0.98 0.2 0.2 0.4 0.1 0.1 0.2 0.06
9] 0.98 0.02 0.98 0.2 0.2 0.4 0.1 0.1 0.2 0.06
92 0.98 0.02 0.98 0.2 0.2 0.4 0.1 0.1 0.2 0.06
93 0.98 0.02 0.98 0.2 0.2 0.4 0.1 0.1 0.2 0.06
94 0.98 0.02 0.98 0.2 0.2 0.4 0.1 0.1 0.2 0.06
95 0.98 0.02 0.98 0.2 0.2 0.4 0.1 0.1 0.2 0.06
96 0.98 0.02 0.98 0.2 0.2 0.4 0.1 C.1 0.2 0.06
97 0.98 0.02 0.98 0.2 0.2 0.4 0.1 0.1 0.2 0.06
98 0.96 0.04 0.96 0.2 0.2 0.4 0.1 0.1 0.2 0.06
99 0.96 0.04 0.96 0.2 0.2 0.4 0.1 0.1 0.2 0.06
100 0.96 0.04 0.96 0.2 0.2 0.4 0.1 0.1 0.2 0.06
101 0.96 0.04 0.96 0.2 0.2 0.4 0.1 0.1 0.2 0.06
102 0.96 0.04 0.96 0.2 0.2 0.4 0.1 0.1 0.2 0.06
103 0.96 0.04 0.96 0.2 0.2 0.4 0.1 0.1 0.2 0.06
104 0.96 0.04 0.96 0.2 0.2 0.4 0.1 0.1 0.2 0.06
105 0.98 0.02 0.96 0.02 0.02 0.04 001 001 002 0.06
106 0.98 0.02 0.96 0.02 0.02 0.04 0.01 0.0 0.02 0.06
107 0.98 0.02 0.96 0.02 0.02 0.04 0.01 0.0] 0.02 0.06
108 0.98 0.02 0.96 0.02 0.02 0.04 001 001 002 0.06
109 0.98 0.02 0.96 0.02 0.02 0.04 001 001 002 0.06
110 0.98 0.02 0.96 0.02 0.02 0.04 001 001 0.02 0.06
111 098  0.02 0.96 0.02 0.02 0.04 001 001 002 0.06
112 0.98 0.02 0.96 0.02 0.02 0.04 001 001 0.02 0.06
113 0.98 0.02 0.96 0.02 0.02 0.04 001 001 002 0.06 -
114 0.98 0.02 0.96 0.02 0.02 0.04 001 001 Q.02 0.06
115 0.98 0.02 0.96 0.02 0.02 0.04 001 001 002 0.06
116 0.98 0.02 0.96 0.02 0.02 0.04 001 001 0.02 0.06
117 0.98 0.02 0.96 0.02 0.02 0.04 001 001 0.02 0.06
118 0.8 0.02 0.96 0.02 0.02 0.04 0.01 001 0.02 0.06
119 0.98 0.02 0.96 0.02 0.02 0.04 001 001 002 0.06
120 0.98 0.02 0.96 0.02 0.02 0.04 001 001 0.02 0.06
121 0.98 0.02 0.96 0.02 0.02 0.04 001 001 0.02 0.06
122 0.98 0.02 0.96 0.02 0.02 0.04 001 001 0.02 0.06
123 0.98 0.02 0.96 0.02 0.02 0.04 001 001 0.02 0.06
124 0.995 0.005 0.96 0.02 0.02 0.04 0.0z 002 004 0.08
125 0.995 0.005 0.96 0.02 0.02 0.04 0.0z 002 004 0.08.
126 0.995  0.005 0.96 0.02 0.02 0.04 002 002 004 0.08
127 0.98 0.005 0.96 0.02 0.02 0.04 002 002 004 0.08
128 0.995 0.005 0.96 0.02 0.02 0.04 002 002 004 0.08
129 0.995 0.005 0.96 0.02 0.02 0.04 002 002 004 0.08

W

TABLE 2-continued

Caramic Compositions
Major Ingredient

TABLE 2

W
‘ Caramic Compositions
Major Ingredient

No. S Y Gd Dy Ho Er Yb Sum k 55 No So v Gd Dy Ho Br Wb Sum <
1 0 0 0 0 0 0 0.01 0.0l 1.02 17 O 0 0 0 0 0 . 001 0.01 1.02
2 0 0 0 0 0 0 0.01 0.01 1.02 18 O 0 0 0 0 0 0.01 0.0l 1.02
3 0 0 0 0 0 0 0.01 0.0l 1.02 129 O 0 0 0 0 O 0.01 0.01 1.02
4 0 0 0 0 0 0 0.01 0.0l 1.02 20 O 0 0 0 0 0 0.01 0.0] 1.02
5 0 0 0 0 0 0 0.01 0.01 1.02 21 O 0 0 0 0 0 0.01 0.01 1.02
6 O 0 0 0 0 0 0.01 0.01 1.02 60 22 0 0 0 0 0 0 001 0.0l 1.02
7 0 0 0 0 0 0 0.01 0.01 1.02 23 0 0 0 0 0 t 0.01 0.01 1.02
g 0 0 0 0 0 0 0.01 0.0l 1.02 24 001 O 0 0 0 0 0 0.01 1.02
9 0 C 0 0 0 0 0.01 0.0] 1.02 25 0 001 O 0 0 0 0 0.01 1.02
10 O 0 0 0 0 0 0.01 0.01 1.02 26 O 0 001 O 0 0 0 0.01 1.02
11 0 0 0 0 0 0 0.01 0.0l 1.02 27 0 0 0 001 O 0 0 0.01 1.02
" o o0 o ©0 ©O0 ©0 00l 001 102 28 0 O O O 0010 O 001 102
13 0 0 0 0 0 0 0.01 0.01 1.02 29 0 0 0 0 0 001 O 0.0] 1.02
14 O 0 0 0 0 0 0.01 0.01 1.02 30 O 0 0 0 0 0 0.01 0.0l 1.02
15 O 0 0 0 G 0 0.01 0.0] 1.02 31 O 0 0 0 0 0 0.01 0.0l 1.02
16 O O 0 0 0 0 0.01 0.0l 1.02 32 0 0 0 0 0 0 0.01 0.01 1.02
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TABLE 2-continued TABLE 2-continued

- Caramic Compositions - Caramic Compositions
Major Ingredient ~ Major Ingredient |

Test .y 5 Test I A

No. S¢ Y Gd Dy Ho Er Yb Sum k No. Sc¢ Y Gd Dy Ho Er Yb Sum k
i3 0 0O O 0 © 0 001 001 102 82 001 0 O 002 0 O 001 004 104
34 0 o0 O 0 o0 o0 001 001 102 83 0 0005 0005 0.0f 001 001 0 004 104
35 0 ©0 O O 0 0 001 001 102 88 001 001 O 001 O O 001 004 104
36 0 ©0© O o ©0 0 0 O 1.02 85 0005 0005 6 0005 0 0005 0005 0.025 1.04
37 o ©0O © 0 0 O 00050005 104 10 8 0002 0.005 0.003 0005 0.005 0.005 0.005 003  1.04
18 0 O ©0 ©0 O 0 002 002 104 g7 001 0005 0.005 0.01 001 001 001 006 104
19 ¢ O©0 O ©O0 0 0 004 004 104 8 0 O O ©0 001 O O 001 104
4 0 0 O ©6 0 0 006 006 104 8 o0 ©0 0 ©0 001 0O O 001 104
44 0 ©O0 O O ©0 0 002 002 101 % 0 ©0 ©0 ©0 001 6 O 001 104
2 0 0 0 0 0 0 002 002 101 99 0 © ©0 O 001 0 O 001 104
43 0 ©0 ©0 O O 0 002 002 10135 92 © o0 0 0 001 O O 001 104
4 O O O O 0 0 002 002 101 93 0 O ©0 O 001 O O 001 104
4 0o 0 O O O0 0 002 002 101 9% 0 ©0 ©0 O 001 0 0 001 104
4 O O 0 00050 O O 0005 104 9% 0 ©0 O O0 001 0O 0 001 104
47 0 O O 00050 O O 0005 104 % © ©0 O 0 001 0 O 001 104
4 0 O ©0 00050 O 0 0005 1.04 99 0 © © 0 001 0O 0 001 104
49 0 ©0 O 00050 O O 0005 104, 9 0O O O O 0O 001 O 001 102
so 0 ©0 O ©0 ©o 0 002 002 1 9 0 ©0 0 0 0 001 0 001 102
551 0 © ©0 O o 0 002 002 1 0 0 o0 ©0 0 0 001 0O 001 102
s2 0 0 ©0 O o 0 002 002 1 @ o o ©o o0 0 001 0O 001 LO2
s3 90 O ©0 0 O0 0 002 002 1 2 06 o0 o0 0 0 001 O 00l 102
54 0 ©O 0 ©0 O 0 002 002 M 0 ©0 ©0 o0 o0 001 O 00! 102
ss o0 O ©0O ©0 ©0 0 002 002 @I 4 0 O ©0 O 0 001 O 001 102
s« o0 O ©0 ©O0 O o0 002 002 1 2 15 ¢ o0 ©0 0 0 0 001 001 102
s<7 9 o © 0 0 0 002 002 1 6 © ©0 O0. O 0 0 001 001 102
s8 0 O0 O O O 0 002 002 1 07 06 © ©O0 O 0 0 001 001 102
s9 0 © O 0 o 0 002 002 1 8 ¢ ©0 O O ©0 0 001 001 102
€0 0 ©0 O o0 0 0 002 002 1 9 ¢ ©0 ©O0 ©o 0 0 001 001 102
66 0 O O 004 O O 0O 004 1 10 0 O0 ©0 O 0 ©0 001 001 102
& 0 ©o0 0 004 O O O 004 10530 1Mt o o0 O © 0 0 001 001 102
&3 o ©O0 O 004 0 O ©0 004 105 112 0o O O O O O 001 00l 102
64 0 O 0O 004 O O O 004 105 113 0 -0 O ©0 o0 0 00l 001 102
65 0 O©0 O 004 O O 0 004 105 14 0 ©0 ©0 ©0 0 0 00! 001 102
66 0 O O 004 0O 0 O 004 105 15 ¢ ©0 O0 O 0 0 001 001 102
67 0 O O 0 0 0 00050005 098 16 0 ©O O O 0 0 001 001 102
&8 0 ©0 O O O O 00050005 1 35 17 © ©0 O O 0O O 001 001 102
6 0 O ©0 0 0 0 0005 0005 1.03 118 0 O © O 0 0 001 001 .02
79 0 ©O0 O0 O 0O 0 0005 0005 1.05 19 0 O O ©o 0 0 001 001 102
1 0 0 ©0 0 0O 0 0005 0005 107 20 0 O O O O 0 001 001 102
72 0 0 0 0.001 0 0 ° 0001 0002 1.02 121 0O 0 0 0o 0 0 0.01 0.01 1.02
3 0 0 O 001 O 0 001 002 102 122 0 ©0 O o0 0 0 001 001 102
4 0 0 0 0020 0 002 004 102, 122 0 0 0 O 0O 0 000 001 102
7 0 © 0 003 0 0 003 006 102 24 0 ©0 O 0 0 0 001 001 104
6 0 0 O 003 0 0 001 004 104 25 0 O0 O O o0 0 001 001 104
7 0 001 0 © O O 001 002 104 26 0 O ©O O ©0 0 001 001 104
78 001 0O ©0 O 001 0O O 002 104 27 0 0 O O 0 0 00l 001 104
79 0 002 0 002 0 O 0O 004 104 26 0 ©0 ©O ©0 O 0 001 001 104
80 0 O ©0 ©0 0 003 001 004 104 26 0 ©0 O ©0 0 0 001 001 104
88 ©O0 00l O 001 O O 0O0F 003 104 4 -

TABLE 3

Ceramic Compositions
First Additive Ingredient ~ Second Additive Ingredient

(wt. parts) Composition | |

Test | Proportion (mole %) MO (mole %)

No. Cr03 AlO3 Sum  (wt parts) By03 LiO S§iO MO BaO SrO CaO MgO ZnO
1 0.1 0.1 0.2 2 — 1 80 19 20 0 50 30 0
2 0.1 0.1 0.2 2 —_ 1 39 60 20 0 50 30 0
3 0.1 0.1 0.2 2 —- 30 30 40 20 0 50 30 0
4 0.1 0.1 0.2 2 — 50 S0 0 o ©0 . 0 0 0
n 0.1 0.1 0.2 2 —_ 20 80 0 0 0 0 0 0
6 0.1 0.1 0.2 2 — 10 350 40 20 0 50 30 0
7 0.1 0.1 0.2 2 _ 30 40 30 20 0 50 30 0
8 0.1 0.1 0.2 2 —_ 20 60 20 20 0 0 30 0
9 0.1 0.1 0.2 2 — 35 65 0 0 0 0 0 0

10 0.1 0.1 0.2 2 —_ 1 5¢ 40 20 0 50 30 0

11 0.1 0.1 0.2 2 — 1 85 14 20 0 50 30 0
12 0.1 0.1 0.2 2 —_ 20 29 51 20 0 50 30 0
13 0.1 0.1 0.2 2 — 30 30 20 20 0 50 30 0
14 0.1 0.1 0.2 2 —_ 60 30 10 20 0 50 30 0
15 0.1 0.1 0.2 2 — 60 40 0 0 0 0 0 0
16 0.1 0.1 0.2 2 — 10 20 0 0 0 0 0 0
17 0.1 0.1 0.2 2 — 20 60 20 100 0 0 0 0
18 0.1 0.1 0.2 2 — 20 60 20 0 100 0 0 0
19 0.1 0.1 0.2 2 _ 20 60 20 0 0 100 0 0
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TABLE 3-continued

____w.___-—__‘__‘h_hﬂ_—-——‘lﬂlﬂ-_—__'—'__
Ceramic Compositions

_Second Additive Ingredient =~

Composition

Proportion (mole %)
B,O; Li;O Si0; MO BaO SrO Ca0O MgO ZnO

First Additive Ingredient
(w1, parts)

Test MO (mole %)

No. Cry0; Al;O3  Sum (wt. parts)

20 0.1 0.1 0.2 2 — 20 60 20 0 0 0 100 0
21 0.1 0.1 0.2 2 — 20 60 20 0 0 0 0 100
22 0.1 0.1 0.2 2 - 20 60 20 20 20 20 20 20
23 0.1 0.1 0.2 2 e 20 60 20 40 10 20 10 20
24 0.1 0.1 0.2 2 — 20 60 20 20 20 0 50 30
25 0.1 0.1 0.2 2 — 35 65 0 0 0 0 4 0
26 0.1 0.1 0.2 2 — 10 50 40 40 20 0 50 30
27 0.1 0.1 0.2 2 —_ 20 60 20 20 20 0 50 30
28 0.1 0.1 0.2 2 S i0 50 40 40 20 0 50 30
29 0.1 0.1 0.2 2 —_ 35 65 0 0 0 0 0 0
30 0.1 0.1 0.2 0 N O 0 0 0 0 0 0 0
31 0.1 0.1 0.2 0.2 — 15 75 10 30 10 10 30 20
32 0.1 0.1 0.2 1 — 15 75 10 30 10 10 30 20
33 0.1 0.1 0.2 3 —_ 15 75 10 30 10 10 30 20
34 0.1 0.1 0.2 5 — 15 75 10 30 10- 10 30 20
35 0.1 0.1 0.2 7 - 15 75 10 30 10 10 30 20
36 0 0.05 0.05 1 —_ 30 40 30 0 0 0 100 0
37 0 0.05 0.05 1 — 30 40 30 0 0 0 100 0
38 0 0.05 0.05 1 — 0 40 30 0 0 0 100 0
39 0 0.05 0.05 )| — 30 40 30 0 0 0 100 0
40 0 0.05 0.05 1 . 30 40 30 0 0 0 100 0
4] 0 0.1 0.1 3 — 10 50 40 20 20 20 20 20
42 ¢ 0.1 0.1 3 — 10 50 40 20 20 20 20 20
43 0 0.1 0.1 3 — 10 50 40 20 20 20 20 20
44 0 0.1 0.1 3 — 10 50 40 20 20 20 20 20
45 0 0.1 0.1 3 — 10 50 40 20 20 20 20 20
46 0 0.1 0.1 1 — 20 60 20 C 100 0 0 0
47 0 0.1 0.1 1 — 20 60 20 0 100 0 0 0
48 0 0.1 0.1 ] — 20 60 20 0 100 0 0 0
49 0 0.1 0.1 1 — 20 60 20 ¢ 100 0 0 0
50 0.03 0.1 0.13 0.5 — 30 40 30 0 0 0 100 0
51 0.03 0.1 0.13 0.5 -— 30 4 30 0 0 0 100 0
52 0.03 0.1 0.13 0.5 — 30 40 30 0 0 0 100 0
53 0.03 0.1 0.13 0.5 — 30 40 30 0 0 0 100 0
54 0.03 0.1 0.13 0.5 — 30 40 30 0 0 0 100 0
55 0.03 0.1 0.13 0.5 — 30 40 . 30 0 0 0 100 0
56 0.03 0.1 0.13 0.5 —_ 30 40 30 0 0 0 100 0
57 0.03 - 0.1 0.13 0.5 — 30 40 30 0 0 0 100 0
58 0.03 0.1 0.13 0.5 — 30 40 30 0 0 o 100 0
59 0.03 0.1 0.13 0.5 — 30 40 30 0 0 0 100 - 0
60 0.03 0.1 0.13 0.5 — 30 40 30 0 0 0 100 0
61 0.03 0.1 0.13 0.5 — 30 40 30 O 0 0 100 0
62 0.03 0.1 0.13 3 — 35 55 10 100 0 0 0 0
63 0.03 0.1 0.13 3 — 35 535 3 100 0 0 0 0
64 0.03 0.1 0.13 3 — 35 55 3 100 0 0 0 0
65 0.03 0.1 0.13 3 — 35 55 3 100 0 0 0 0
66 0.03 0.1 0.13 3 —_ 35 55 3 100 0 0 0 0
67 0.02 0 0.02 1 — 10 50 40 20 20 20 20 20
68 0.02 0 0.02 1 — 10 50 40 20 20 20 20 20
69 0.02 0 0.02 1 — 10 50 40 20 20 20 20 20
70 0.02 0 0.02 I — 10 50 40 20 20 20 20 20
71 0.02 0 0.02 ] — 10 50 40 20 20 20 20 20
72 0.05 0.08 0.13 0.5 —_ 30 55 15 20 20 20 20 20
73 0.05 0.08 0.13 0.5 — 30 55 15 20 20 20 20 20
74 0.05 0.08 0.13 0.5 — 30 35 15 20 20 20 20 20
75 0.05 0.08 0.13 0.5 o 30 55 15 20 20 20 20 20
76 0.05 0.08 0.13 5 —_ 35 40 25 20 0 30 50 0
77 0.05 0.08 0.13 5 — 35 40 25 20 O 30 50 0
78 0.05 0.08 0.13 5 — 35 40 25 20 0 30 50 0
79 0.05 0.08 0.13 5 —_ 35 40 25 20 0 30 50 0
80 0.05 0.08 0.13 5 — 35 40 25 20 0 30 50 0
81 0.05 0.08 0.13 5 — 35 40 25 20 0 30 50 0
82 0.05 0.08 0.13 5 —_ 35 4 25 20 0 30 50 0
83 0.05 0.08 0.13 5 — 35 40 25 20 0 30 50 0
84 0.05 0.08 0.13 5 — 35 40 25 20 0 30 30 0
85 0.05 0.08 0.13 5 — 35 40 25 20 0 30 50 0
86 0.05 0.08 0.13 5 — 35 40 25 20 0 30 50 0
87 0.05 0.08 0.13 5 — 35 40 25 20 0 30 50 0
88 0.01 0 0.01 2 — 10 50 40 20 20 30 10 20
89 0 0.01 0.01 2 — 10 50 40 20 20 30 10 20
90 0.02 0.01 0.03 2 — 10 30 40 20 20 30 10 20
91 0.5 0.5 1 2 — 10 50 40 20 20 30 10 20
92 2 0.5 2.5 2 — 10 50 40 20 20 30 10 20
93 1.5 1.5 3 2 — 10 50 40 20 20 30 10 20
04 3 0 3 2 — 10 50 40 20 20 30 10 20
95 0 3 3 2 —_— 10 50 40 20 20 30 10 20
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TABLE 3-continued

14

‘W

Ceramic Commsitions

First Additive Ingredient

| wt. parts Composition
Test Proportion (mole %)
No. Cry0O3  AlOs3
96 1.6 1.5 3.1 2 — 10 50 40
97 2 2 4 2 — 10 50 40
9% 0.01 0 0.01 2 — 20 70 10
99 0 0.01 0.01 2 — 20 70 10
- 100 0.1 0.9 1 2 —_ 20 70 10
101 1 | 2 - 2 — 20 70 10
102 ] 2 3 2 — 20 70 10
103 2 1.1 3.1 2 — 20 70 10
104 2 2 4 2 —_ 20 70 10
105 0.1 0.1 0.2 2 ] —_ 80 19
106 0.1 0.1 0.2 2 1 — 39 60
107 0.1 0.1 0.2 2 30 —_ 0 70
108 0.1 0.1 0.2 2 90 —_ 0 10
109 0.1 0.1 0.2 2 90 _ 10 0
110 0.1 0.1 0.2 2 20 — 80 0
111 0.1 0.1 0.2 2 15 —_ 30 55
112 0.1 0.1 0.2 2 435 — 15 40
113 0.1 - 0.1 0.2 2 20 — 50 30
114 0.1 0.1 0.2 2 50 — 30 20
115 0.1 0.1 0.2 2 10 — 20 70
116 0.1 0.1 0.2 2 95 — S 0
117 0.1 0.1 0.2 2 10 — 85 35
118 0.1 0.1 0.2 2 20 —— 50 30
119 0.1 0.1 0.2 2 20 — 50 30
120 0.1 0.1 0.2 2 20 — 50 30
121 0.1 0.1 0.2 2 20 — 50 30
122 0.1 0.1 0.2 2 20 — 50 30
123 0.1 0.1 0.2 2 . 20 —_ 50 30
124 0 0.05 0.05 0 0 — 0 0
125 0 0.05 0.05 0.2 15 — 75 10
126 0 0.05 0.05 1 15 —_ 75 10
127 0 0.05 0.05 3 15 — 75 10
128 0 0.05 0.05 3 15 — 75 10
129 ¢ 0.035 0.05 7 15 — 75 10

Second Additive Ingredient

MO (mole %)

Sum  (wt. parts) B>03; Li2O SiO; MO BaO 5r0 CaO MgO 2ZnO

20 20 30 10 20
20 20 30 10 20
0o 10 0 10 80
0 10 0 10 80
o 10 0 10 80
0 10 0 10 80
0 10 0 10 80
0 10 0 10 80
0 10 0 10 80
20 0 S0 30 0
20 0 50 30 0
20 0 S50 30 0
20 0 S0 30 0
0o o0 0 O 0
0o 0 0 O 0
20 0 50 30 0
20 0 50 30 0
20 0 50 30 0
0 0 SO 30 0
20 0 50 30 0
o 0 ¢ 0 0
20 0 50 30 0
00 ©O0 0 © 0
0 100 0 O 0
O 0 100 O 0
0 0 0 100 0
o o 0 0 100
20 20 20 20 20
0 0 0 0 0
0 5 0 50 30
0 SO 0 50 30
0O 5 0 5 30
O 5 . 0 50 30
0O S0 0 50 30

W

According to Tables 1 and 2, the major ingredient of
the dielectric bodies of the capacitors of Test No. 1 was:
0.98{(Ba0.96Mo0.051.0.01)01.02(Ti0.99R0.01)O1.995} +0.0-
- 2CaZr0Os; or, more  specifically, since
Mo.0s=Mgo.05, Lo.o1=Sro.01, and Ro.o1=Ybo.o1,
0.98{(Bap.96M g0.05510.01)01.02(T10.99 Y b0.0-
1)01_995} +0.02CaZr0Ox;

One hundred parts by weight of this major ingredient
was admixed with 0.2 parts by weight of a first additive
ingredients or the sum of 0.1 parts by weight of Cr203
and 0.1 parts by weiht of Al;03, and 2.0 parts by weight
of a second additive ingredients of one mole percent
Li,O, 80 mole percent SiO; and 19 mole percent MO.
The MO was a mixture of 20 mole percent BaO, 50 mole
percent Ca0, and 30 mole percent MgO.

For the fabrication of the capacitors of Test No. 1 we
started with the preparation of the first component,
(Bag.9sMg0.05510.01)01.02(Tio.99Ybo.01)O1.995, of the
major ingredient. We prepared the following start mate-
rials for the first component of the major ingredient:
Barium carbonate (BaCO3): 1041.96 grams (0.96 mole

part)

Magnesium oxide (MgO): 11.09 grams (0.05 mole part)
Strontium oxide (SrO): 5.70 grams (0.01 mole part)
Titanium oxide (TiO3): 435.06 grams (0.99 mole part)
Yttrebium oxide (Yb203): 10.84 grams (0.005 mole part)

These start materials had all purities of not less than
99.0 percent. The above specified weights of the start
materials do not include those of the impurities con-
tained.

We charged the start materials into a pot mill to-
gether with alumina balls and 2.5 liters of water and
intimately intermingled them by stirring the pot mill for

45

50

35

65

15 hours. Then we introduced the mixture into a stain-
less steel pot and dried it by air heated to 150 degrees C.
for four hours. Then we crushed the dried mixture into
relatively coarse particles and then fired the particles in
air within a tunnel furnace at 1200 degrees C. for two
hours. There was thus obtained the first component of
the major ingredient in finely divided form.

Then we proceeded to the preparation of the second
component, CaZrQ3, of the major ingredient of Tset
No. 1. We intermingled 448.96 grams of calcium car-
bonate (CaCO3) and 551.04 grams of zirconium oxide
(ZrQ7). Then we dried and pulverized the mixture and
fired the resulting particles in air at 1250 degrees C. for
two hours.

Then, in order to obtain the major ingredient of Test
No. 1 in the required molar ratio (0.98:0.02) of the first
and second components, we intermingled 984.34 grams
(98 mole parts) of (Bao.96Mg0.05510.01)01.02(T10.99 Y bo.01)
Oi.995 and 15.66 grams (two mole parts) of CaZrQO:s.
One thousand grams of the major ingredient was thus
obtained in finely divided form.

Then, in order to obtain the second additive ingred;-
ents of Test No. 1 we first prepared the following sub-

‘stances in the following amounts:

Li;O: 0.44 grams (1.0 mole part)
Si057: 70.99 grams (80.0 mole parts)
BaCO3: 11.10 grams (3.8 mole parts)
CaCOj;: 14.70 grams (9.5 mole parts)
MgO: 3.40 grams (5.7 mole parts)
To these substances we added 300 cubic centimeters
of alcohol and stirred the resulting slurry for 10 hours in
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a polyethylene pot with alumina balls. Then we air fired
the mixture at 1000 degrees C. for two hours. Then we
charged the fired mixture into an alumina pot together
with 300 cubic centimeters of water and pulverized it
with alumina balls over a period of 15 hours. Then we
dried the pulverized mixture at 150 degrees C. for four

hours.
Thus we obtained in finely divided form the desired

additive mixture of one mole percent LizO, 80 mole
percent SiO; and 19 mole percent MO, with the MO
consisting of 3.8 mole percent BaO, 9.5 mole percent
Ca0, and 5.7 mole percent MgO. The relative propor-
tions of BaQ, Ca0, and MgO were 20, 50 and 30 mole
percent.

For the first additive ingredient of Test No. 1 we
prepared a dichromium trioxide(Cr203) powder and
aluminum oxide (Al,O3) powder with a purity of not
less than 99.0 percent. The dichromium trioxide powder
and aluminum oxide powder have an average particle
size of 0.5 micromiters respectively.

Then, we added 2 grams (0.2 weight parts) of the first
additive ingredient and 20 grams (two weight parts) of
the second additive ingredient to 1000 grams (100
weight parts) of the major ingredient. Further, to this
mixture, we added 15 percent by weight of an organic
binder and 50 percent by weight of water with respect
to the total weight of the major ingredient and addi-
tives. The organic binder was an aqueous solution of
acrylic ester polymer glycerine, and condensed phos-
phate. Then we ball milled the mixture into a slurry and
then defoamed it in vacuum.

Then we charged the defoamed slurry into a reverse
roll coater and shaped it into a thin, continuous strip on
an elongate backing strip of polyester film. Then we
dried the strip by heating it to 100 degrees C. on the
backing film. There was thus obtained a green ceramic
strip with a thickness of approximately 25 micrometers.
We subsequently punched it into “squares” sized 10 by
10 centimeters. These green ceramic squares were to
become the ceramic layers 12, FIG. 1, in the completed
test capacitors 10. .

For the fabrication of the base metal film electrodes
14 on the ceramic layers 12, we prepared 10 grams of
nickel in finely divided form, with an average particle

10

15

20

25

30

35

size of 1.5 micrometers, and a solution of 0.9 grams of 45

ethyl cellulose in 9.1 grams of butyl “Carbitol” (trade-
mark for diethylene glycol monobutyl ether). We inti-
mately intermingled them in an agitator for 10 hours,
thereby providing an electroconductive paste. Then we
“printed” the paste on one surface of each green ce-
ramic square, which had been prepared as above stated,
through a screen having an array of 50 perforations of
rectangular shape, each sized seven by 14 millimeters.
After having allowed the printed paste to dry, we
stacked two green squares, with the printings thereon
directed upwardly, and with the printings on the two
squares offset from each other to an extent approxi-
mately half the pitch of the paste pattern in the longitu-
-dinal direction. Then we placed the stack of two printed
squares between two separate stacks of four unprinted
squares each with a thickness of 60 micrometers. Then
we exerted a pressure of 39.2 MPa on the resulting stack
of printed and unprinted squares in their thickness di-
rection at 50 degrees C., thereby firmly bonding them
together. Then we cut the bonded squares in a latticed
- pattern into 50 laminate chips of identical construction.

We employed a furnace capable of atmosphere con-

trol for cofiring the above prepared green dielectric

50

35

635
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bodies and, buried therein, the conductive layers which
were to become the film electrodes 14 in the completed
capacitors 10. We first air heated the chips to 600 de-
grees C. at a rate of 100 degrees C. per hour, thereby
driving off the organic binder that had been used for
providing the slurry of the powdered major ingredient
and additives. Then we changed the furnace atmo-
sphere from air to a reductive (nonoxidative) atmo-
sphere consisting of two percent by volume of molecu-
lar hydroge and 98 percent by volume of molecular
nitrogen. Then, in this furnace atmosphere, we raised
the furnace temperature from 600 degrees C. to 1150
degrees C. at a rate of 100 degrees C. per hour. We
maintained for three hours the maximum furnace tem-
perature of 1150 degrees C., at which the ceramic bod-
ies formulated an accordance with our invention were
to be sintered to maturity. Then we lowered the furnace
temperature to 600 degrees C. at a rate of 100 degrees C.
per hour. Then, with the furnace atmosphere again
changed to air (oxidative atmosphere), we maintained
the temperature of 600 degrees C. fo 30 minutes for the
oxidizing heat treatment of the sintered chips. Then we
allowed the furnace temperature to drop to room tem-
perature.

Thus we obtained the dielectric ceramic bodies 15
cosintered with the film electrodes 14 buried therein.

We proceeded to the production of the pair of con-
ductive terminations 16 on both sides of each ceramic
body 15 at which were exposed the film electrodes 14.

First, for the production of the inmost zinc layers 18, we

coated both sides of each ceramic body 15 with an
electroconductive paste composed of zinc, glass frit and
vehicle. Then, after having allowed the coatings to dry,
we heated them to 550 degrees C. in air and held the
temperature for 15 minutes, thereby completing the
zinc layers 18 each in direct contact with one of the two
film electrodes 14. Then we formed the intermediate
copper layers 20 over the zinc layers 18 by electroless
plating, and then the outermost solder layers 22 over
the copper layers 20 by électroplating an alloy of lead
and tin.

We have thus completed the fabrication of the mono-
lithic, multilayered ceramic test capacitors 10, each
constructed as in FIG. 1, in accordance with the ce-
ramic composition of Test No. 1 of Tables 1, 2 and 3.
The composition of the ceramic bodies 15 of the thus
completed capacitors 10 proved substantially akin to
that before sintering.

As for the other ceramic compositions of Tables 1, 2
and 3 dsignated Tests Nos. 2-129, we made similar
capacitors through the same procedure as set forth in
the foregoing in connection with the Test No. 1 compo-
sition, except for the temperature of sintering in the
reductive atmosphere, to which we will presently refer
in more detail.

Then we tested all the capacitors of Tests Nos. 1-129
as to their specific dielectric constants, dielectric losses,
resistivities, and capacitance-temperature characteris-
tics. We measured these electrical properties of the test
capacitors by the following methods:

Specific Dielectric Constant

The capacitance of each test capacitor was first mea-
sured at a temperature of 20 degrees C., a frequency of
one kilohertz, and an effective voltage of 1.0 volt. Then
the specific dielectric constant was computed from the
measured value of capacitance, and the area (25 square
millimeters) of each of the opposed parts of the film
electrodes 14, and the thickness (0.02 millimeter) of that
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ceramic layer 12 which intervenes between the film The test capacitors were introduced into a thermo-
electrodes. static oven, and their capacitances at various prese-

Dielectric Loss lected temperatures were measured at a frequency of
. The dielectric loss was measured under the same one kilohertz and an effective voltage of 1.0 volt. Then

conditions as the specific constant. 5 the percent changes of the capacitances at —355 degrees
Resistivity and + 125 degrees C. from those at 25 degrees C., and
Resistance between the pair of conductive termina- at —25 degrees and -+ 85 degrees C. from those at 20
tions 16 of each test capacitor was measured after the degrees C., were computed.
application of a direct voltage of 100 volts for one min- Table 4 gives the properties of the test capacitors as
. ute. Then the resistivity was computed from the mea- 10 measured by the above described methods, as well as
sured resistance value and the size of each test capaci-  the maximum temperatures at which the test capacitors
tor. were sintered in the reductive atmosphere during their

Temperature Dependence of Capacitance manufacture.
TABLE 4

Firing Temperature & Cagacitﬂr Characteristics
Cagacitor Characteristics

Firing  Specific Dielectric
Test Temp. Dielectnic Loss Resistivity Capamtance Variations (%)
' No. (°C.) Constant (%) (megohm-cm) At —55°C. At 125°C. At -25"C. At8 C

M

1 1150 3950 1.1 59 x 109 —~10.3 3.1 —-5.1 —5.9
2 1150 3890 1.0 6.1 % 109 ~9.2 1.6 ~4.3 —17.3
3 1150 3880 1.1 4.8 x 10° —9.5 4.3 —5.5 —4.9
4 1160 3900 1.3 5.3 x 109 —11.1 5.0 -6.2 —49
5 1130 3880 1.3 47 x 10® ~10.8 5.8 —6.1 —4.1
6 1150 3930 1.2 5.1 X 108 —9.9 2.9 ~5.7 —57
7 1130 3930 1.1 4.1 x 108 —10.2 3.9 —5.7 —6.2
g8 1110 3800 1.1 6.0 X 10° —10.6 5.2 —5.9 —5.0
9 1160 3960 1.1 3.9 x 106 —11.1 4.5 —6.2 —~3.9
10 1140 3860 1.1 3.9 X 10° -10.6 3.3 ~5.8 —6.3
11 1250 Not coherently bonded on firing
12 1250 '
13 1250 &
14 1250 ¥
15 1250 &
16 1250 &
17 1130 3870 1.1 54 % 100 —~11.0 5.4 6.0 —5.4
18 1140 3830 1.0 6.5 X 106 —10.7 3.1 -~ 6.9 —5.8
19 1130 3920 1.1 52 % 109 —11.3 4.6 —6.3 ~5.0
20 1120 3910 1.2 6.6 X 100 ~11.1 4.8 —~59 —54
21 1140 3900 1.1 5.6 X 100 ~10.9 3.3 —6.2 —5.5
22 1130 3900 1.0 4.5 x 106 ~10.6 5.4 —6.1 —-5.6
23 1130 3900 1.2 5.8 x 108 ~10.6 4.7 —6.1 -5.3
24 1160 3910 1.2 4.5 x 10° —10.0 4.0 —6.0 —4.8
25 1130 3870 1.2 3.8 X 106 —~9.9 4.0 —6.4 —6.4
26 1140 3970 1.1 5.5 % 106 ~10.0 5.5 —52 5.1
27 1140 3900 1.1 7.5 x 109 —10.4 2.9 —49 —5.7
28 1140 3820 1.1 57 x 106  —10.3 4.2 ~5.8 —5.6
29 1120 3900 1.0 3.6 X 109 —10.9 2.8 —4.2 —5.2
30 1250 Not coherently bonded on firing
31 1200 4570 1.4 1.5 % 106 —10.5 2.3 5.8 —4.9
32 1170 4180 1.3 3.1 x 106 —-10.4 3.1 -5.8 —4.8
33 1140 3580 1.1 5.6 x 106 —11.4 —0.4 —6.4 —~7.0
34 1080 3180 1.6 3.2 x 10° ~12.6 —24 -1.9 —8.9
35 1070 2850 1.8 1.3 x 106 —17.1 —4.9 —9.8 —12.3
36 1160 4030 1.3 1.4 x 106 —10.4 2.7 -~ 6.4 ~5.0
37 1150 4090 1.2 2.1 X 106 - 10.0 3.0 ~5.4 —4.4
38 1080 4300 1.2 55 x 109 —8.2 3.1 -5.0 —3.3
39 1150 3990 1.3 1.6 X 10° —9.7 3.0 ~5.6 ~3.9
40 1250 | Not coherently bonded on firing
41 1170 3870 1.2 6.3 X 109 ~19.1 9.5 —12.4 3.5
42 1120 3930 1.1 7.0 X 109 —13.6 4.8 —8.7 -25
43 1110 3910 1.2 6.8 x 109 —10.7 2.5 —2.0 —6.0
44 1120 4030 1.1 54 % 100 —d4.2 —3.5 -2.1 —9.1
45 1130 3950 1.1 5.0 x 105 1.4 —8.2 —0.6 —13.0
46 1190 4100 1.2 5.6 X 10° —16.9 7.2 —11.6 37
47 1160 4120 1.2 52 % 105 —14.5 3.5 -9.3 ~2.4
48 1170 4100 1.1 4.5 % 100 -2.2 —6.8 ~1.4 —~8.2
49 1160 4180 1.2 57 x 10° 4.5 ~13.0 0.5 —12.0
50 1170 3790 1.7 2.8 X 109 —16.5 6.7 —-11.2 —3.6
51 1160 4160 1.2 59 x 109 —12.2 7.5 —8.3 —6.5 -
52 1150 3670 1.2 4.8 x 108 —10.5 0.3 —8.5 —5.6
53 1160 3940 1.2 5.5 x 10° —11.9 1.1 -179 —3.5
54 1140 3840 1.1 4.3 x 106 ~13.4 0.8 —7.8 —4.3
55 1150 3170 1.4 3.4 x 106 —13.5 —0.6 —8.7 —10.3
56 1150 3930 1.1 5.5 % 10% —10.8 2.7 —5.9 —7.3
57 1190 3790 1.0 9.2 x 109 —104 1.2 —6.1 —8.7
58 1180 3670 1.6 8.0 X 109 —12.1 1.1 —75 ~10.5
50 1190 3890 1.1 8.1 % 106 —10.8 —2.7 —6.0 ~11.9
60 1180 3530 1.8 1.7 X 106 —12.7 -3.2 —8.4 —11.4
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TABLE 4-continued

20

W

Firing Temperature & Capacitor Characteristics _
Capacitor Characteristics

Specific Dielectric
Capacitance Variations (%)

Dielectric I oss

Finng

Test Temp. Resistivity

No. (C) Constant (%) (megohm-cm) At —55°C. At125°C. At 25" C. At 85° C.
61 1140 3670 1.8 1.3 x 108 —14.1 —5.3 —8.7 —11.1
62 1130 3420 1.2 1.4 %X 108 —12.5 5.8 —9.2 2.7
63 1140 3650 1.7 1.1 x 10° —12.4 4.0 -9.6 4.4
64 1130 3720 1.3 3.6 X 109 —4.0 2.2 —2.0 —1.5
65 1180 3330 1.0 3.5 x 100 —3.6 ~2.3 —1.0 —9.5
66 1180 3260 1.2 2.6 X 106 3.7 —4.2 ~1.8 —11.4
67 1120 3160 2.6 50 x 108 —21.2 —12.8 —15.3 —8.4
68 1170 3830 1.1 3.7 x 108 —12.4 6.9 —6.9 —4.6
69 1150 3750 1.0 3.5 x 108 ~11.1 6.1 -7.2 —4.1
70 1170 3670 1.2 4.5 x 109 —10.2 2.4 —~5.5 —54
71 1250 Not coherently bonded on firing

72 1160 3850 1.1 1.3 % 109 —10.9 —1.2 —5.6 -7.0
73 1120 4070 1.1 3.4 x 10% —9.3 —0.7 —3.9 —5.7
74 1150 3850 1.0 2.5 x 108 ~10.3 —1.1 —53 —6.8
75 1250 Not coherently bonded on finng

76 1160 3860 1.2 3.0 x 108 —40 . —3.0 —1.3 —7.3
77 1140 4120 1.1 6.4 X 10° —3.7 -2.6 —1.1 -~7.3
78 1130 4110 1.1 3.8 x 108 —3.6 —-2.2 —1.5 —6.8
79 1150 3880 1.1 2.5 % 10° — 4.6 —3.6 ~2.0 — 8.6
80 1160 3840 1.1 3.2 x 106 —3.9 ~3.8 —2.0 —8.1
81 1150 3940 1.0 4.1 x 10° —3.8 —2.9 —1.4 —7.9
82 1150 3900 1.2 2.6 X 108 —4.1 —3.6 22 —8.5
83 1160 3860 1.2 2.4 % 106 —b.6 —34 -~2.0 8.1
84 1140 3840 1.1 1.8 x 106 —b.2 —4.1 —1.9 —8.6
85 1130 4170 1.0 3.3 X 109 —4.1 —3.2 —1.6 —7.9
86 1150 4030 1.1 4.4 x 106 —4.2 —3.3 —1.6 —7.8
87 1250 Not coherently bonded on firing

88 1150 3920 1.1 6.7 x 106 —9.7 3.6 —6.5 —6.3
89 1170 3930 1.2 4.3 x 109 —10.9 2.5 5.2 —5.1
90 1160 3850 1.1 55 % 10° —10.9 3.2 ~5.3 —6.3
91 1160 3760 1.0 4.6 x 10° —11.0 3.0 —5.8 —6.2
92 1180 3740 1.1 5.7 X 108 —~10.9 2.6 —6.1 —6.9
93 1190 3490 1.0 6.7 x 10° —10.7 3.6 —5.0 —5.2
94 1190 3240 1.1 6.6 X 106 —9.9 3.3 —5.6 —52
95 1170 3150 1.1 59 x 100 —8.8 3.1 ~5.2 —4.4
96 1250 Not coherently bonded on firing -

97 1250 &

98 1150 3770 1.2, 6.9 x 10° —10.4 3.5 —4.7 —5.6
99 1140 3810 1.1 6.5 X 10° —11.0 3.8 —4.5 —5.5
100 1180 3500 1.1 56 X 10° - 10.3 3.7 —6.1 —50
101 1190 3.5 1.2 6.7 X 108 —9.7 2.6 —5.77 —4.8
102 1200 3210 1.2 6.7 X 106 -9.8 2.7 —5.0 —4.5
103 1250 | Not coherently bonded on firing

104 . 1250 | &

105 1130 3700 1.1 4.6 X 106 —10.3 5.5 —5.9 —4.4
106 1130 3700 1.1 6.0 % 10° —10.7 2.7 -~5.2 —4.6
107 1130 3670 1.1 5.1 % 108 ~10.3 2.1 —4.7 —3.0
108 1100 3570 1.1 4.7 x 10% ~11.1 6.0 —5.2 —3.3
109 1090 3560 1.0 3.7 x 106 —12.3 6.0 —5.8 —~1.5
110 1120 3650 1.1 1.9 x 10° —10.7 3.6 —4.3 ~1.9
111 1140 3800 1.2 3.3 x 106 —9.7 1.9 ~4.8 —6.5
112 1110 3730 1.0 3.7 x 109 ~11.1 3.2 —5.9 —5.4
113 1110 3660 1.1 3.2 x 108 ~9.6 2.8 -~5.0 —3.9
114 1120 3710 0.9 3.4 % 106 - 10.4 4.5 —6.8 -2.6
115 1250 Not coherently bonded on firing

116 1250 &

117 1250 &

118 1130 3680 1.0 4.0 X 109 -9.2 2.7 -3.7 -3.7
119 1120 3690 1.1 5.4.% 106 —9.3 2.7 —54 —6.3
120 1140 3730 1.2 4.9 x 109 —10.8 3.0 —5.0 - 6.6
121 1120 3770 1.0 5.4 x 109 —8.3 1.1 —5.5 —6.0
122 1130 3630 1.2 4.0 x 105 —10.8 3.1 —~5.8 —6.9
123 1130 3850 0.3 4.2 X 106 —~9.8 3.4 —4.5 —6.8
124 1250 Not coherently bonded on firing

125 1170 4230 1.4 1.9 x 10° —~8.7 2.2 -34 —3.9
126 1140 4150 1.0 2.3 x 106 —6.2 3.3 —2.8 ~5.3
127 1110 3680 1.0 4.1 x 10% —7.3 —1.1 —-3.0 ~8.0
128 1090 3400 0.2 2.1 x 108 —11.4 —1.3 —6.4 —8.2
129 1050 2920 1.5 1.8 X 108 —14.7 —6.2 —8.7 —10.6

ﬂ—____mﬂﬂw

It will be noted from Table 4 that the specific dielec-

tric constants of the Test No. 1 capacitors, for instance, 65 degrees C. to those at —55 degrees and + 125 degrees
averaged 3950, their dielectric losses 1.1 percent, their C., —10.3 and + 3.1 percent, and from those at 20 de-
resistivities 5.9 X 106 megohm-centimeters, and their grees C. to those at —25 degrees and + 85 degrees C,,
percent variations of capacitances from those at 25  —5.1 and —35.9 percent, respectively.
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Before proceeding further with the examination of
Table 4, we will determine the criteria of acceptability
for the four electrical properties in question of the ca-
pacitors as follows:

Specific dielectric constant, at least 3000.

Dielectric loss, not more than 2.5 percent.

Resistivity, at least 1 X 10® megohm-centimeters.

Temperature dependence of capacitance, within plus
and minus 15 percent at —55 degrees and + 125 de-
grees C., and within plus and minus 10 percent at

—25 degrees and + 85 degrees C.

A reconsideration of Table 4 in light of the above
established criteria of favorable capacitor characteris-
tics will reveal that the capacitors of Tests Nos. 11-16,
30, 35, 40, 41, 45, 46, 49, 50, 55, 58-61, 66, 67, 71, 75, 87,
96, 97, 103, 104, 115-117, 124 and 129 do not meet these
criteria. Accordingly, the corresponding ceramic com-
positions of Tables 1, 2 and 3 fall outside the scope of
our invention. All the other test capacitors come up to
these criteria even though they were sintered at temper-
atures of less than 1200 degrees C. in a reductive atmo-
sphere. |

Although Table 4 gives the percent variations of
~capacitances only at —55 degrees, + 125 degrees, —25
degrees and + 85 degrees C., we actually measured the
capacitances at additional temperatures of 0 degrees,
+20 degrees, + 25 degrees, +40 degrees, +60 degrees
and + 105 degrees C. The capacitance variations of all
the test capacitors in accordance with our invention
were within plus and minus 10 percent in the tempera-
ture range of —25 degrees to +85 degrees C. and
within plus and minus 15 percent in the temperature
range of —55 degrees to + 125 degrees C.

Now, let us study the ceramic compositions of Tables
1, 2 and 3, and the corresponding capacitor characteris-
tics of Table 4 in more detail. |

As for the major ingredient, (1—a){(Bax_x—:Mx.

L)OKTii—;R))02—(y/2)} +aCaZrOzwe teste various

values for a, k, x, z and y in order to determine desirable
ranges of such values. First of all, the value of the sum
(x+2z) was set at zero in Test No. 50. In the resulting
capacitors the capacitance variation at —25 degrees C.
was outside the desired range of plus and minus 10
percent, and the capacitance variation at —355 degrees
C. was outside the desired range of plus and minus 15
percent. However, all the desired electrical characteris-
tics were obtained when the value of the sum (x+z) was
set at 0.01 as in Tests Nos. 51 and 52. Thus we set the
lowest possible value of the sum (x+z) at 0.01.

The tests Nos. 55, 59, 60 and 66 compositions had the
value of the sum (x42z) set at 0.12. The capacitance
variation of the resulting capacitors at +85 degrees C.
fell outside the desired range of plus and minus 10 per-
cent. All the desired electrical characteristics were ob-
tained when the value of the sum (x+2z) was set at 0.10
as in Tests Nos. 57, 62, 63 and 65. The highest possible
value of the sum (x+42) is therefore 0.10.

However, when the value of z was set at 0.06 as in the
Test No. 61, all the desired electrical characteristics
were not obtained even though the value of the sum
(x+2z) was 0.06. All the desired electrical characteristics
were obtained when the value of z was set at 0.05 as 1n
Test No. 62. The highest possible value of z must there-
fore be 0.05. The possible values of x is the difference
between (x4 2z) and z. |

The capital M in the formula of the major ingredient
represents either or both of Mg and Zn as aforesaid. The
Tests indicate that the use of either or both of Mg and
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Zn does not substantially affect the characteristics of
the resulting capacitors, and that the value of X can be
in the range of 0.00 to 0.10 in either case. The Tests also
prove that either or both of Ca and Sr may be employed
as I without substantially affecting the characteristics
of the resulting capacitors, and that the value of z can be
in the range of 0.00 to 0.05 in either case.

The Test No. 40 compositions had the value of y set
at 0.06. The dielectric bodies formulated accordingly
were not coherently bonded on firing. All the desired
electrical characteristics were obtained when the value
of y was set at 0.04 as in Test No. 39. The highest possi-
ble value of y is therefor 0.04.

The capital R in the formula of the major ingredient
represents at least one rare earth element selected from
Sc, Y, Gd, Dy, Ho, Er, Yb, Tb, Tm and Lu as aforesaid.
The Tests indicate that the use of one or plural of the
rare earth elements does not substantially affect the

characteristics of the resulting capacitors, and that the

value of y can be in the range zero to 0.04.

The addition of the rare earth elements to the major
ingredient improves the temperature dependence of
capacitance. The rare earth elements serve to make the
capacitors that the capacitance variation is from —15
percent to + 15 percent in a temperature range of —355
degrees to + 125 degrees C., and form — 10 percent to
+ 10 percent in a temperature range of —25 degrees to
485 degrees C. Also, the rare earth elements serve to
make the dielectric bodies with a high resistivity. Fur-
thermore, the rare earth elements serve to make the
ceramic bodies having higher coherency.

The value of a in the formula of the major ingredient
was set at zero in Tests Nos. 41 and 46. The capacitance
variations of the resulting capacitors fell outside the
desired range of plus and minus 10 percent at —25 de-
grees C. and the desired range of plus and minus 15
percent at —55 degress C. All the desired characteris-
tics were met when the value of a was set at 0.005 as in
Tests Nos. 42 and 47. The lowest possible value of a is
therefore 0.005.

The value 0.05 chosen for a in Tests 45 and 49 was
too high bacause the capacitance variations of the re-
sulting capacitors at 85 degrees C. fell outside the de-
sired range of plus and minus 10 percent. All the desired
characteristics were achieved when the value of a was
set at 0.04 as in Tests Nos. 44 and 48. The highest possi-
ble value of a is therefor 0.04. |

When the value of K was set at 0.98 as in Test No. 67,
the resistivities of the resulting capacitors were less than
1 X 106 megohm-centimeters. The capacitor characteris-
tics were all satisfactory when the value of K was set at
1.00 at in Test No. 68. The lowest possible value of K is
therefore 1.00.

When the value of K was set at 1.07 as in Test No. 71,
the rsulting dielectric bodies were not coherently
bonded on firing. Coherently bonded ceramic bodies
were obtained, and the capacitor characteristics were
all satisfactory, when the value of K was set at 1.05 as in
Test No. 70. The upper limit of the possible values of K
is therefore 1.05. |

The Tests Nos. 96 and 103 ceramic compositions
contained as much as three parts by weight of the first
additive ingredient (Cry03/A1,03) with respect to 100

-parts by weight of the major ingredient. The dielectric

bodies formulated accorddingly were not coherently
bonded on firing at a temperature as high as 1250 de-
grees C. The ceramic compositions of Tests Nos. 95 and
102 contained 3.00 part by weight of the first additive
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ingredient with respect to 100 parts by weight of major
ingerdient. They possessed the desired electrical char-
acteristics. We set, therefore, the upper limit of the
possible proportions of the first additive ingredient at
three parts by weight with respect to 100 parts by
weight of the major ingredient.

The first additive ingredient is either or both of
Cr,03 and Al,Oj as aforesaid. The Tests indicate that
the use of either or both of Cro0O3 and Al;O3 does not
substnatially affect the characteristics of the resulting
capacitors, and that the weight part of the first additive
ingredient can be in the range of 0.00 to 3.0, preferably
0.001 to 3.000, more preferably 0.01 to 3.00 in the either
case.

The addition of the first additive ingredient (Cr20:3.
/A1,03) to the compositions improves the temperature
dependence of capacitance. The first additive ingredi-
ent serves to make the capacitors that the capacitance
variation is from —15% to +15% in a temperature
range of —55 degrees to + 125 degrees C., and from
—10% to + 10% in a temperature range of —25 degrees
to +85 degrees C. Also, the first additive ingredient
serves to make the dielectric bodies with a high resistiv-
ity.

The ceramic compositions of Test No. 30 contained
no the second additive ingredient specified by our in-
vention. The dielectric bodies formulated accordingly
were not coherently bonded on firing at a temperature
as high as 1250 degrees C. For comparision the ceramic
compositions of Test No. 31 contained 0.2 part by

weight of the second additive ingredient with respect to -

100 parts by weight of the major ingredient. Even
though the firing temperatures for these test capacitors
were as low as 1200 degrees C., they possessed the
desired electrical characteristics. We set, therefore, the
lower limit of the possible proportions of the second,
additive ingredient at 0.2 part by weight with respect to
100 parts by weight of the major ingredient.

The test No. 35 ceramic compositions contained 7
parts by weight of the second additive ingredient with
respect to 100 parts by weight of the major ingredient.
The specific dielectric constants of the resulting capaci-
tors were less than the above established criterion of
3000. Also, their capacitance variations were outside
the range of plus and minus 10 percent at 85 degrees C.,
and the range of plus and minus 15 percent at —35
degrees C. However, when the proportion of the sec-
ond additive ingredient was reduced to five parts by
weight as in Test No. 34, the resulting capacitors had all
the desired electrical characteristics. Accordingly, the
upper limit of the possible proportions of the second
additive ingredient is set at five parts by weight with
respect to 100 parts by weight of the major ingredient.

We have ascertained from the results of the Tests
Nos. 1-16 that the acceptable range of the relative pro-
portions of Li»O, SiO2 and MO, the second additive
ingredient of the ceramic compositions in accordance
with our invention, can be definitely stated in reference
to the ternary diagram of FIG. 2. The point A in the
ternary diagram indicates the Test No. 1 additive com-
position of one mole percent Li2O, 80 mole percent
Si0», and 19 mole percent MO. The point B indicates
the Test No. 2 additive composition of one mole per-
cent Li;0, 39 mole percent SiO;, and 60 mole percent
MO. The point C indicates the Test No. 3 additive
composition of 30 mole percent L1;0, 30 mole percent
SiO3, and 40 mole percent MO. The point D indicates
the Test No. 4 additive composition of 50 mole percent
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Li,O, 50 mole percent SiO2, and 0 mole percent MO.
The point E indecates the Test No. 5 additive composi-
tion of 20 mole percent Li;O, 80 mole percent SiO3, and
0 mole percent MO. |

The relative proportions of the additives L120, S10;,
and MO of the ceramic compositions in accordance
with our invention are within the region bounded by the
lines sequentially connecting the above defined points
A, B, C, D and E in the ternary diagram of FIG. 2.

Tables 1, 2, 3 and 4 prove that the second additive
compositions within the above defined region makes
possible the provision of capacitors of the desired char-
acteristics. The second additive compositions of Tests
Nos. 11-16 all fall outside that region, and the corre-
sponding dielectric bodies were not coherently bonded
on firing at a temperature of as high as 1250 degrees C.
The above specified acceptable range of the relative
proportions of the second additives holds true regard-
less of whether only one of BaO, MgO, ZnO, SrO and
Ca0 is employed as MO, as in Tests Nos. 17-21, or two
or more or all of them are employed as in the other
Tests.

Also, we have ascertained from the results of the
Tests Nos. 105-129 that the acceptable range of the
relative proportions of B2O3, SiO2 and MO, the second
additive ingredient of the ceramic compositions in ac-
cordance with our invention, can be definitely stated 1n
reference to the ternary diagram of FIG. 3. The point A
in the ternary diagram indicates the Test No. 105 addi-
tive composition of one mole percent B203, 80 mole
percent SiOj, and 19 mole percent MO. The point B
indicates the Test No. 106 additive composition of one
mole percent B203, 39 mole percent SiO2, and 60 mole
percent MO. The point C indicates the Test No. 107
additive composition of 30 mole percent B,03, 0 mole
percent SiO2, and 70 mole percent MO. The point D

indicates the Test No. 108 additive composition of 90

mole percent B203, 0 mole percent SiO2, and 10 mole
percent MO. The point E indicates the Test No. 109
additive composition of 90 mole percent B>O3, 10 mole
percent SiO2, and 0 mole percent MO. The point F
indicates the Test No. 110 additive composition of 20
mole percent B203, 80 mole percent SiO3, and 0 mole
percent MO.

The relative proportions of the additives B2O3, $102
and MO of the ceramic compositions in accordance
with our invention are within the region bounded by the
lines sequentially connecting the above defined points
A, B, C, D, E and F in the ternary diagram of FIG. 3.

Tables 1, 2, 3 and 4 prove that the second additive
compositions within the above defined region makes
possible the provision of capacitors of the desired char-
acteristics. The second additive compositions of Tests
Nos. 115-117 all fall outside that region, and the corre-
sponding dielectric bodies were not coherently bonded
on firing at a temperature of as high as 1250 degrees C.
The above specified acceptable range of the relative
proportions of the second additives holds true regard-
less of whether only one of BaO, MgO, ZnO, SrO and
CaO is employed as MO, as in Tests Nos. 118-122, or
two or more or all of them are employed as in the other
Tests.

Although we have disclosed our invention in terms of
specific Examples thereof, we understand that our in-
vention is not to be limited by the exact details of such
disclosure but admits of a variety of modifications or
alterations within the usual knowledge of the ceramists,

" chemists or electricians without departing from the
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scope of the invention. The following, then, is a brief list
of such possible modifications or alterations:

1. The low temperature sinterable ceramic composi-
tions of our invention may contain various addi-
tives other than those disclosed herein. An example
is a mineralizer such as manganese dioxide. Used 1n
a proportion (preferably from 0.05 to 0.10 percent
by weight) not adversely affecting the desired

characteristics of the resulting capacitors, the min-

eralizer will serve to improve the sinterability of 10

the ceramic composItions.

2. The start materials of the ceramic compositions in
accordance with our invention may be substances
such as oxides or hydroxides other than those em-
ployed in the foregoing Examples.

3. The temperature of the oxidizing heat treatment
need not neessarily be 600 degrees C. but can be
variously determined in a range (from 500 degrees
to 1000 degrees C. for the best results) not exceed-
ing the temperature of the preceding sintering in a
nonoxidative atmosphere, the oxidizing tempera-
ture being dependent upon factors such as the par-
ticular base metal electrode material in use and the
degree of oxidation required for each ceramic ma-
terial to be produced. ~

4. The temperature of cosintering in a nonoxidative
atmosphere may also be changed in consideration
of the particular electrode material in use. We rec-
comend a range of 1050 degrees to 1200 degrees C.
if the electrode material is nickel, as we have ascer-
tained by experiment that little or no flocculation
of the nickel particles takes place in that tempera-
ture range. |

5. The dielectric bodies formulated in accordance
with our invention, with or without electrodes
buried therein or otherwise attached thereto, may

be sintered in a neutral, instead of reductive, atmo-

sphere.

6. The principles of our invention may be applied to
capacitors other than those of the monolithic, mul-
tilayered configuration disclosed herein.

What we claim 1s:

1. A solid dielectric capacitor comprising a dielectric
ceramic body and at least two electrodes 1n contact
therewith, the dielectric ceramic body consisting essen-
tially of:

(a) 100 parts by weight of a major ingredient ex-

pressed by the formula,

(1—a){(Bak..x— MiLIOKTi1 R )02 (72)-
}+aCaZrO3

where

M is either or both of magnesium and zinc;

L is either or both of calcium and strontium;

R is at least one metal selected from scandium,

- yttrium, gadolinium, dysprosium, holmium, er-
bium, ytterbium, terbium, thulium and lutetium;

a is a numeral in the range of 0.005 to 0.040;

k is a numeral not less than 1.00 and not more than
1.05; -

x is a numeral greater than O and less than 0.10;

z is a numeral greater than 0 and not greater than

0.05;
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(b) greater than 0 and not greater than 3.00 parts by
weight of chromium oxide aluminum oxide; or
mixture thereof and

(c) from 0.2 to 5.0 parts by weight of an additive
mixture of (i) silicon oxide; (ii) boron oxide, lithium
oxide, or mixtures there of; and optionally (iit), and
at least one metal oxide selected form the group
consisting of barium oxide, strontium oxide, cal-
cium oxide, magnesium oxide and zinc oxide.

2. The solid dielectric capacitor of claim 1 wherein
the additive mixture is an additive mixture of lithium
oxide, silicon dioxide and at least one metal oxide se-
lected from the group consisting of barium oxide, stron-
tium oxide, calcium oxide, magnesium oxide and zinc
oxide, the relative proportions of lithium oxide, silicon
dioxide and at least one selected metal oxide constitut-
ing the additive mixture being in that region of the
ternary diagram of FIG. 2 attached hereto which is
bounded by lines sequentially connecting:

the point A where the additive mixture consists of
one mole percent lithium oxide, 80 mole percent
silicon dioxide, and 19 mole percent metal oxide;

the point B where the additive mixture consists of one
mole percent lithium oxide, 39 mole percent silicon
dioxide, and 60 mole percent metal oxide;

the point C where the additive mixture consists of 30
mole percent lithium oxide, 30 mole percent silicon
dioxide, and 40 mole percent metal oxide;

the point D where the additive mixture consists of 50
mole percent lithium oxide, 50 mole percent silicon
dioxide, and 0 mole percent metal oxide; and

the point E where the additive mixture consists of 20
mole percent boric oxide, 80 mole percent silicon
dioxide, and 0 mole percent metal oxide.

3. The solid dielectric capacitor of claim 1 wherein

the additive mixture is an additive mixture of boric
oxide, silicon dioxide and at least one metal oxide se-

lected from the group consisting of barium oxide, stron-

tium oxide, calcium oxide, magnesium oxide and zinc
oxide, the relative proportions of boric oxide, silicon
dioxide -and at least one selected metal oxide constitut-
ing the additive mixture being in that rigion of the ter-
nary diagram of FIG. 3 attached hereto which is
bounded by lines sequentially connecting:

the point A where the additive mixture consists of

one mole percent boric oxide, 80 mole percent
silicon dioxide, and 19 mole percent metal oxide;
the point B where the additive mixture consists of one
mole percent boric oxide, 39 mole percent silicon
dioxide, and 60 mole percent metal oxide;
the point C where the additive mixture consists of 30
mole percent boric oxide, 0 mole percent silicon
dioxide, and 70 mole percent metal oxide; |

the point D where the additive mixture consists of 90

mole percent boric oxide, 0 mole percent silicon
dioxide, and 10 mole percent metal oxide;

the point E where the additive mixture consists of 90

~ mole percent boric oxide, 10 mole percent silicon

dioxide, and 0 mole percent metal oxide; and

the point F where the additive mixture consists of 20

mole percent boric oxide, 80 mole percent silicon
dioxide, and 0 mole percent metal oxide.

4. The solid dielectric capacitor of claims 1, 2 or 3
wherein the electrodes are buried in the dielectric ce-
ramic body.

5. The solid dielectric capacitor of claims 1, 2 or 3

the sum of x and z is a numeral not less than 0.01 65 wherein the electrodes are of a base metal.

and not greater than 0.10; and |
y is a numeral greater than 0 and not greater than

0.04;

6. The solid dielectric capacitor of claim 3 wherein

the base metal is nickel. |
% % % & &
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